Introduction
[2] The deposition of atmospheric aerosols, especially mineral aerosols, in oceans provides nutrients, such as nitrogen, phosphorus, Fe, needed by the biogeochemical cycle and they have been observed to increase the primary production [Jickells et al., 2005; Duce et al., 2008; Mahowald et al., 2008; Furutani et al., 2010] . Bishop et al. [2002] observed a doubling of biomass in the mixed layer in the subarctic North Pacific near Station PAPA (145°W, 50°N) after the passage of a dust storm in April 2001, and provided evidence of biotic response to natural iron fertilization caused by the dust particles. Yuan and Zhang [2006] reported a high correlation between dust events and biological productivity at the KNOT station (155°E, 44°N) in western North Pacific. Deng et al. [2008] reported the same at two Pacific stations, KNOT and SA (174°E, 49°N) . The effect of the long-range transport of Asian dust on ocean ecosystems can be found in a review article by Gao et al. [2009] . It is obvious that these studies occurred in high-nutrient low-chlorophyll (HNLC) waters and open oceans.
[3] Primary productivity of the marginal sea accounted for 20-30% of the total ocean productivity [Wollast, 1991] . As in the HNLC waters and the open oceans, the deposition of atmospheric aerosol such as Asian dust in the marginal sea could exert a significant influence on the biogeochemical cycle. However, study of the influence of Asian dust on marginal seas is rare [Jo et al., 2007] . Uematsu et al. [2003] estimated the annual deposition flux of Asian dust over the western North Pacific region using direct field measurement and a regional chemical transport model, and found the flux to decrease substantially from the coastal area (21 g m −2 yr ). Jo et al. [2007] reported that dust storm episodes were significant in the initiation of spring blooms in the East/Japan Sea, especially associated with precipitation. To improve the understanding of the impact of Asian dust on the biogeochemical cycle in the marginal seas, some important issues have to be studied: (1) the response of chlorophyll concentration and primary productivity to Asian dust in the various marginal seas; (2) when and where do the Asian dust events cause algae blooms; (3) the role of the atmospheric deposition of nitrogen and Fe in the Asian dust on chlorophyll concentration and primary productivity.
[4] To address these questions, in this paper, the correlation of the Asian dust storms with chlorophyll, primary productivity and algae blooms in the coastal seas of China was examined over 11 years. The correlation analysis result was discussed in terms of air mass backward trajectory of Asian dust and causative factors of algae blooms. In addition, a shipboard incubation experiment was used to support the correlation analysis result.
Data and Method
[5] Dust storm with minimum visibility of ≤ 200 m and instantaneous maximum wind speed of ≥20 m/s is defined as "severe," while "very severe" ones are visibility ≤50 m and wind speed ≥25 m/s, respectively [Qian et al., 1997] . The frequencies of the severe and very severe dust storms (FDS) over northern China from 1998 to 2006 were reported by Qian et al. [2006] , and the frequency data in 2007 and 2008 are from "Sand-Dust Weather Almanac" (in Chinese) edited by the China Meteorological Administration (CMA).
[6] Aerosol index (AI) is also used to determine the outbreak of dust storm over the land and the ocean in this study. [9] Ocean primary production (OPP) is estimated through a modified version of the Vertically Generalized Production Model (VGPM, developed by Behrenfeld and Falkowski [1997] ) proposed by Kameda [2003] and Kameda and Ishizaka [2005] by using satellite-derived Chl a concentrations, SST and PAR as inputs. We have successfully used the modified VGPM to study the spatial-temporal variation trends of OPP in the South China Sea [Tan and Shi, 2009] .
[10] The PAR data used in the modified VGPM were also SeaWiFS SMI products having the same spatial resolution as the Chl a concentration. SST data are obtained from the advanced very high resolution radiometer (AVHRR), which has 4 × 4 km spatial resolution and were interpolated to the same spatial resolution as the Chl a concentration and PAR.
[11] Figure 1 shows the research region in the coastal seas of China. The Yangtze River could affect the seasonal adjustment of nutrients in the south and southwest parts of Yellow Sea and the inshore area of East China Sea . Thus, it becomes sensible to divide Yellow Sea into north part and south part using 37°07′N as the demarcation line for study. Conventionally, the demarcation line for the north and south Yellow Sea is selected at the narrowest channel between the two parts, i.e., a northeastsouthwest oriented line from a point around 122.7°E and 37°07′N to a point around 125°E and 38°N. We divided the north and south Yellow Sea by latitude to simplify the calculation of the averages for Chl a concentration and primary production. The small difference between our division and the conventional approach did not affect our analysis and conclusion. An offshore region YK (122.5°-125°E, 33.5°-36°N) is allocated in the center of south Yellow Sea, which is selected to study of the effect of the dust storms on Chl a concentration and OPP in the Yellow Sea, where the average depth is about 69 m.
[12] During the research period from 1998 to 2008, 34 sets of in situ Chl a concentration and 16 sets of in situ OPP were used, and the details of the data are in the auxiliary material. Figure 2b ). The good correlations suggest that satellite Chl a concentration and the estimated OPP were able to reflect in situ variability of these two variables and should allow an investigation of seasonal trend, spatial distribution of these two variables and their response to occurrence of dust storm. However, like the result reported by Yamada et al. [2005] , estimated OPP was slightly overestimated at low value range but underestimated at high value range (Figure 2b ). Satellite Chl a concentration was also slightly overestimated in the low concentration range (Figure 2a) .
[13] It should be noted that the standard algorithm for the SeaWiFS and MODIS/Aqua Chl a concentration is based on case 1 waters. Although the middle part of the Yellow Sea and the offshore East China Sea was characterized as case 1 waters, the coastal regions could be case 2 waters [Gong et al., 2003; Son et al., 2005] . For case 2 waters, the algorithm for Chl a concentration is not well established. Ahn [2004] developed an empirical algorithm to estimate Chl a concentration from the ocean color satellite data over the Yellow Sea and the formula is:
where Rrs490 and Rrs555 are the remote-sensing reflectance at 490 and 555 nm, respectively.
[14] The computed Chl a concentration using SeaWiFS and MODIS/Aqua algorithm and the empirical algorithm were compared with in situ data in Figure S1 . R 2 decreased from 0.75 to 0.70 when local empirical algorithm replaced the SeaWiFS and MODIS/Aqua algorithms, suggesting that SeaWiFS and MODIS/Aqua Chl a concentration were better than those estimated by the local empirical algorithm. SeaWiFS and MODIS/Aqua Chl a concentration was thereby used in this study.
Results and Discussions

The Variation Trend of Chlorophyll and Primary Production in the Coastal Seas of China From 1998 to 2008
[15] Figure 3 shows the monthly averages of the Chl a concentrations and OPP from January 1998 to December 2008 at Bohai Sea, Yellow Sea, and East China Sea. Both averages decreased from the north to the south, i.e., Bohai Sea > Yellow Sea > East China Sea. This spatial distribution appears to be consistent with the distribution of the extent of seawater nutrients in the coastal seas.
[16] Maximum monthly average Chl a concentrations in Bohai Sea occurred in December, February or March while low Chl a concentrations in June-August due to zooplankton grazing [Fei et al., 1991; Zhao et al., 2004] .
[17] Maximum Chl a concentration in Yellow Sea appeared in March or April in 2001 -2007 while in January or February in other years. Unlike Bohai Sea, there was a slight increase of Chl a concentration in summer in some years. The increase was explained by large discharges of diluted water from the Yangtze River [Ning et al., 1998; Hur et al., 1999; Liu et al., 2003] .
[18] In East China Sea, Chl a concentration peaked in March, April or May, and in some years another weak peak occurred in September, October or November. The increase in Chl a in June or July occurred almost every year and could be also due to discharge of diluted water from the Yangtze River.
[19] OPP in Bohai Sea and Yellow Sea exhibited an annual bimodal distribution. For example in Bohai Sea, a larger peak occurred in May or June and a smaller one in August, September or October. In East China Sea, OPP peaked in March, April or May and occurred 1 month earlier than that in Bohai Sea and Yellow Sea. The complicated seasonal trends of OPP in these costal seas could be determined by multiple factors such as PAR, SST and atmospheric deposition, etc., as discussed later.
Correlation of Dust Episodes With Chlorophyll, OPP, and Algae Blooms
[20] The correlation coefficients of Chl a concentration and OPP with the frequencies of severe and very severe dust storms are in Table 1 . The correlations of annual average Chl a concentration and OPP with FDS were not statistically significant in Bohai Sea, a shallow (average depth = 18 m) semi-enclosed sea, and its nutritional structure probably was determined by river discharges and sediment resuspension, and the same was true when the springtime (from March to May) average was used.
[21] For the annual average, the correlation coefficient between OPP in the Yellow Sea and FDS is 0.63 with the significance level of 0.05, and that between Chl a concentration and FDS is not significant. When the north Yellow Sea and south Yellow Sea are considered separately, the correlations of FDS with Chl a concentration and OPP in the north Yellow Sea are low, but that in the south Yellow Sea are evidently high. The better correlations in the south Yellow Sea (average water depth = 46 m) than in the north Yellow Sea (average water depth = 38 m) could be partially explained by less sediment resuspension due to the deeper water depth. However, in addition to input of nutrients from atmospheric deposition, the SST and PAR also play an important role in determining Chl a concentration and OPP in the Yellow Sea as discussed later. There are significant positive correlations between Chl a concentration and OPP in the East China Sea and FDS, and the correlation coefficients for Chl a concentration and OPP are 0.69 (sig. = 0.05) and 0.75 (sig. = 0.01), respectively. It is not surprising that there is less impact from sediment in the East China Sea than in the Yellow Sea and Bohai Sea since the average water depth in the East China Sea is much larger than those in the Yellow Sea and Bohai Sea. In addition, the variations of annual average Chl a concentration and OPP in the south Yellow Sea and East China Sea during 1998-2008 are also consistent with FDS ( Figure 4) .
[22] In the Yellow Sea, when the springtime average of Chl a concentration was correlated to FDS, the correlation coefficients slightly increased as expected. However, when the springtime average of Chl a concentration was correlated to FDS in the East China Sea, the correlation coefficients substantially decreased from 0.69 to 0.24. This is unexpected and cannot be explained at this time.
[23] Aerosol index is an effective measure of the dust loading in the atmosphere, and it is positive for absorbing aerosols (e.g., dust and smoke particles) and negative for nonabsorbing aerosols (e.g., sulfates) [Herman et al., 1997] . It is reported that AI > 1.7 can be used to identify the outbreak of dust storms over northern China and downwind areas including North Pacific [Darmenova et al., 2005] and the timing of dust passage determined by AI of 2.0-2.5 in the east coast of Korea showed good agreement with the occurrence of Asian dust observed at meteorological stations [Jo et al., 2007] . In 1998-2008, the AI over the study area was less than 2 in most days (93.5%). We therefore use AI ≥ 2 as an indicator of the outbreak of dust storms.
[24] Figure 5 shows the relationship between algae bloom frequencies and the annually averaged occurrence days with AI ≥ 2 in the costal seas of China including Bohai Sea, Yellow Sea and East China Sea. The correlation coefficient is 0.62 (sig. = 0.05) suggesting the occurrence of algae blooms might be associated with dust storms.
[25] Overall, regardless of use of historical record or AI as an indicator of outbreak of the dust storms, the statistically significant correlation between occurrence of algae blooms and dust storms was present over the whole coastal seas of China. However, when Bohai Sea, Yellow Sea and East China Sea are considered separately, the correlation was statistically significant only in south Yellow Sea and East China Sea.
[26] Granger causality theory can be used to examine whether dependent variable meaningfully depends on independent variable and thus make up the scarcity of correlation analysis [Granger, 1969] . The presence of Granger causality implies the presence of a statistical causal order. When past values of variable X contain information about current values of variable Y beyond the information contained in the Y sequence, variable X is thus said to "Granger cause" variable Y [Kaufmann and Stern, 1997] . However, if both X and Y were driven by the third process with different lags, the result of the Granger test could be misleading. In this study, the Granger causality test [Wessa, 2010] was used to examine the link between the annual average Chl a concentration and OPP with FDS (Table S1 ). The result showed that FDS Granger causes annual average Chl a concentration in the south Yellow Sea and OPP in the whole Yellow Sea. To best of our knowledge, no third process drives the Granger causality. However, Granger causalities did not exist in others and this could be related to the small size of data.
Relationship Between Dust and Chlorophyll or OPP in Yellow Sea
[27] The contribution of atmospheric deposition of mineral aerosol estimated by various studies based on the representative crustal elements is 20-70% of the total mineral material input to Yellow Sea even in a low-dust year [Gao et al., 1992] . Yellow Sea will be used as an example for discussion.
Correlation Between AI and OPP
[28] Granger causality test was used to examine the link between monthly OPP averages and other factors (AI, SST and PAR) in the Yellow Sea; each factor is the Granger cause of OPP (Table S2 ). Again, no third process can be thought out to drive the Granger causality. A stepwise multiple linear regression was conducted to examine the relative importance of the three factors. Monthly OPP averages were chosen as the dependent variable, and SST, PAR and AI the independent variables in the stepwise multiple linear regression to determine their relationship.
[29] PAR was first analyzed for the north Yellow Sea and south Yellow Sea. The correlation coefficients were 0.74 and 0.68 (Table 2) , respectively, which indicates that the variation of PAR was very important in the long term changes of OPP.
[30] In the north Yellow Sea, when SST is added into the regression equation, better agreement between the estimated and predicted OPP is obtained. When AI is further added, no significant improvement of the correlation occurred, suggesting that AI was not important in the correlation. Thus, the OPP in the north Yellow Sea could be mainly determined by PAR and SST rather than AI.
[31] SST showed no significant impact in the south Yellow Sea on OPP was thereby removed from the regression equation because the averaged SST for 1998-2008 in the south Yellow Sea was 21% (about 3°C) higher than the north Yellow Sea, which was similar to the South China Sea where light and temperature were not the limitation factors as it is located in the tropics [An and Du, 2000; Tang et al., 2004] .
[32] In the south Yellow Sea, comparing to the regression between OPP and PAR, the correlation coefficient increased from 0.68 to 0.74 and the standard error decreased from 137 to 127 when OPP is correlated with PAR and AI. This result suggests that AI has a significant effect on OPP variation in the south Yellow Sea, leading to a high correlation coefficient of OPP with the FDS in the south Yellow Sea as presented early.
[33] Thus, the significant importance of AI in the south Yellow Sea suggests that atmospheric aerosols could be one of the indispensable nutrient sources to the south Yellow Sea. 
Case Analysis of the Response of Chlorophyll and OPP to Dust Storm in the YK Region in Yellow Sea
[34] The Yangtze River diluted water can impact a part of the coastal areas in the Yellow Sea and East China Sea, which could complicate our analysis on the impact of dust. To minimize the influence of the discharge from the rivers on the south Yellow Sea, an offshore region YK (Figure 1 ) was selected to study the response of Chl a concentrations and OPP to dust storms. In fact, region YK was far from the impact region of the Yangtze River diluted water in spring according to Wang et al. [2003] . In addition, YK region is situated at the Yellow Sea Cold Water Mass which is thermally stratified from spring (March or April) through late fall [Wang, 2000] ; upwelling during the events was not expected.
[35] The dust storms in 1999, 2000, 2001, 2002 and 2006 were used since these years have high dust frequency (Figure 4) . Table 3 shows the dust storm events (22 cases in total) identified for analysis in YK.
[36] Daily Chl a concentration and OPP in YK before, during and after the storms are in Figure 6 . The data in the dust days were excluded because Chl a concentrations were overestimated by 30-50% higher than the days before and after the dust arrival [Schollaert et al., 2003] . Like Jo et al. [2007] , the initiation of spring bloom was defined as Chl a concentration >2.9 mg m −3 , which is twice the average in winter. Doubling the winter OPP averages (to 1327 mgC m −2 d −1 ) is also used for comparison. Algae blooms were detected in 16 out of the 22 dust storms identified ( Figure 6 and Table 3 ). In these 16 cases, algae blooms occurred after 1-21 days of dust passage. For example, after 2-14 days of two dust storms in 2006, algae blooms were observed. Bishop et al. [2002] reported in subarctic North Pacific, a doubling of biomass in the mixed layer over a 2 week period after the passage of Gobi desert dust.
[37] However, six dust storms did not induce any algae blooms. Backward trajectories (72 h) were calculated using the Hybrid Single Particle Lagrangian Integrated Trajectory model [Draxler and Rolph, 2010] . In 15 out of the 16 dust storms that triggered algae blooms, the calculated air masses arrived over YK region at <3 km height (Figure 7a ). In fact, 14 of them were <2 km. These dust particles came from Mongolia, west or middle of Inner Mongolia, and passed through the loess plateau or megacities such as Beijing, Tianjing, etc. In three out of the six dust storms without algae bloom, the air mass that arrived over YK was higher (>5 km) and came from the Taklimakan Desert, Mongolia or west Inner Mongolia (Figure 7b) .
[38] The lower-level dust particles accrue inputs (nutrients and metals) on their transport path and are more readily deposited in the seas, while the higher-level particles are deprived of these opportunities [Uematsu et al., 2002; Zhuang et al., 2003; Meskhidze et al., 2005; Arimoto et al., 2006] . For example, model research indicated that only dust plumes with relatively high initial SO 2 -to-dust ratios are capable of delivering a significant amount of bioavailable Fe [Meskhidze et al., 2005] . Therefore, the lower layer dust level could be more effective in improving the primary productivity in the ocean.
[39] Moreover, a shipboard incubation experiment was performed in spring 2009 in Yellow Sea (station 124.041°E, 36.028°N) to examine the response of Chl a concentration to dust deposition (J.-H. Shi, unpublished work, 2010) . The dust particles used for this onboard experiment were collected on the top of a building in Qingdao in May 2008, which were transported in lower layer from Gobi Desert according to the backward trajectory. Many nutrients, such as nitrogen, phosphorus, silicon and Fe were detected in the dust particles and the ratio of N/P was 42.2 while the initial ratio of N/P in the water for incubation experiment was just 13.8. The results showed an increase of 4 mg m −3 in Chl a concentration 7 days after 150 mg/L of dust particles were added. When 300 mg/L of dust particles were added, the maximum increase in Chl a concentration occurred 12 days later almost doubling the experiment when 150 mg/L of dust particles were added. High nitrogen concentration and ample Fe addition evidently increased Chl a concentration much more since the incubation station was situated in the nitrogen-limitation region . Thus, this experiment further supported that the lower layer transported Asian dust storms will probably promote chlorophyll and primary production.
[40] However, there were three dust storms that arrived over YK in the <2 km layer and did not cause algae blooms even though Chl a concentration increased slightly. The sea surface temperature increased during those episodes (Figure 6 ), SST thereby should not be the limiting factor. It was likely because the PAR decreased after passage of these dust events ( Figure 6 ) and did not favor for phytoplankton growth. As discussed earlier, the PAR play an important role for the increase of Chl a concentration, and Zou et al. [2000] showed that Chl a concentration decreased from 1.00 to 0.73 mg m −3 with a reduction in light intensity of 100-80%.
Conclusions
[41] The correlations between aerosol index and spring algae bloom frequency and between dust storms occurrence frequency and Chl a concentration or primary production in the coastal seas of China were examined in this study. We concluded:
[42] 1. Dust storms induced obvious ocean algae bloom only in the south Yellow Sea and East China Sea. This is not the case in the north Yellow Sea and Bohai Sea. Granger causality test result showed that FDS Granger causes annual average Chl a concentration in the south Yellow Sea and OPP in the Yellow Sea, which implies that the estimated relationship between them is not coincidental but statically meaningful. However, causalities did not exist in others. In the Yellow Sea, each factor (AI, SST and PAR) is found to be the Granger cause of OPP. Multiple linear regression of primary production with PAR, SST and AI is also performed and implies that atmospheric aerosols could be one of the indispensable nutrient sources to the south Yellow Sea, but not in the north Yellow Sea where primary production is mainly determined by PAR and SST.
[43] 2. Case analysis shows that both Chl a concentration and primary production in the south Yellow Sea increase evidently after passage of most dust events and algae bloom occur after 1-21 days of ∼72.7% dust events (16 out of 22) passage. Those dust particles contributing to spring algae bloom arrived over the south Yellow Sea at lower layer (<3 km) and mainly came from Mongolia, the west or middle of Inner Mongolia or loess plateau and passed through loess plateau or megacities, such as Beijing, Tianjing, etc. A shipboard incubation experiment by adding lower-layer transported dust particles to water collected in the nitrogen-limitation region further indicated that the high nitrogen concentration together with sufficient Fe addition evidently increase Chl a concentration. However, dust storm events did not cause algae bloom when they arrived over the Yellow Sea at high level (>5 km) and mainly came from Taklimakan Desert, Mongolia or west of Inner Mongolia. In these cases, less deposition of atmospheric particles was expected in the south Yellow Sea and less opportunity for dust particles was expected to react or mix with anthropogenic pollutants. Thus, nutrients such as water-soluble Fe and nitrogen carried by these dust particles could be much fewer. [44] Acknowledgments. This work was financially supported by the grants 41005080, 40776063, and 40976063 from the National Natural Science Foundation of China, and the International Cooperative Projects of MOST (grants 2010DFA22770 and 2010DFA91350) . We also thank the Ocean Biology Processing Group of NASA GSFC for ocean color data, NASA's PO.DAAC Jet Propulsion Laboratory for SST data, and the Ozone Processing Team of NASA GSFC for aerosol index data. The authors gratefully acknowledge the NOAA Air Resources Laboratory (ARL) for the provision of the HYSPLIT transport and dispersion model used in this publication. We are deeply indebted to Ming Fang of the Hong Kong University of Science and Technology for his invaluable advice and comments.
